The aim of this work was to discover the robustness of combined wet milling process to determine the interval of the Mel (meloxicam) amount and to predict the degree of crystallinity of the milled samples using DSC and XRPD measurements. The samples had the poly(vinyl alcohol) (PVA) as the stabilizing agent. By increasing the amount of the Mel, its crystallinity increased and close correlation was found between the degree of crystallinity and the Mel amount. To achieve the desired particle size range (100-500 nm), the Mel amount should be changed between 10.0 and 17.5% (w/w) and a PVA concentration should be used between 5.0 and 4.58% (w/w). In this specified range, the degree of crystallinity of Mel will be changed between 20 and 45%. The crystallinity of Mel investigated by DSC and XRPD did not show any significant difference at 95% significance level. During the milling process to predict the amorphous content of the active agent, the DSC method can be suggested for the fast quantification of the degree of crystallinity.
Introduction
Dry and wet milling technologies as disintegration methods are conventionally and commonly used in the pharmaceutical industry [1, 2] . Drugs which belong to Class II of BCS (Biopharmaceutical Classification System) have low water solubility and high permeability; therefore, their bioavailability can increase with the decrease in particle size to the nanosize range, resulting in a high specific surface and a fast dissolution rate. During milling, amorphization of active agent can occur due to the high energy impact [3, 4] . Amorphization is also a well-known possibility to enhance the dissolution rate of drugs with low water solubility. Due to the lack of crystalline structure and the crystal lattice breaking force, less energy is needed for solubilization. Nevertheless, additional stabilization is needed for the preservation of the amorphous form from recrystallization [5] [6] [7] .
Our main research topic is the nanonization of different active agents using a wet milling process, where the planetary ball mill is combined with pearl milling technology [8, 9] . In our previous research to reach a nanoparticle size range (100-500 nm), the process parameters (milling time, rotation speed, amount of pearl and the ratio of drug to excipient) were optimized. The samples were produced with the addition of the aqueous solution of poly(vinyl alcohol) (PVA) as the stabilizing agent. The main purpose of this work was to increase the dissolution rate and extent of poorly water-soluble meloxicam (Mel) as a nonsteroidal anti-inflammatory drug. In this system, the Mel amount was 10% (w/w) and 5% (w/ w) of PVA proved to be an optimal quantity to meet the expected particle size range. During the milling, a high level of amorphization was detected with DSC and XRPD examinations [10] . In this milling system, the ratio of the started pre-suspension and pearls 1:1 (w/w) resulted in about 200-fold particle size reduction in one step. In connection with this result, questions arose: (1) whether the amount of the active ingredient has a milling effect and (2) whether the particle size distribution and the degree of crystallinity can be designed by varying the amount of the active ingredient. These questions are important for the robustness of the process and the extent of scale-up [11] .
Based on the above, the aim of the present work was to discover the robustness of our optimized combined wet milling process to determine the interval of the Mel amount which can be successfully nanonized (100-500 nm) and in this connection to predict the crystallinity degree of the milled samples using DSC as a fast analyzing method and to verify it with XRPD measurements.
Experimental

Materials
Meloxicam (raw Mel) was obtained from EGIS Ltd. (Budapest, Hungary). PVA-Mowiol 4-98 (Mw * 27,000) (Sigma-Aldrich Co. LLC, St Louis, MO, USA) was used as a stabilizing agent. Zirconium oxide (ZrO 2 ) beds with a diameter of 0.3 mm were obtained from Netzsch (Netzsch GmbH, Selb, Germany). All reagents were purchased from Sigma-Aldrich Ltd. (Budapest, Hungary).
Design of the sample series
Eight samples were prepared from 2.5 to 20.0% of Mel with 2.5% increment per sample. As the stabilizing agent, 5.0% of PVA aqueous solution as initial concentration was added up to 20.0 g to each sample, which was selected on the basis of our previous experiments [10] . Thus, the PVA concentration with 0.14% increment per sample was between 4.44 and 5.42%. The Mel and PVA concentrations of the samples are shown in Table 1 . For the DSC and XRPD investigations, the samples were desiccated in a vacuum desiccator at 40°C to constant mass.
Combined wet media milling
The samples were ball-milled in a 50-mL steel jar (Retsch PM 100 MA, Retsch GmbH, Haan, Germany) with 0.3-mm ZrO 2 beads as the grinding media. The process parameters optimized in our pervious work were as follows: 437 rpm, 43 min and 20 g of milling media which was used for every process (dispersion to grinding media ratio 1:1) [10] . The temperature of the samples, measured immediately after milling, did not exceed 39°C.
Particle size measurement
The volume-based particle size distribution was measured by laser diffraction (Mastersizer S 2000, Malvern Instruments Ltd., Worcestershire, UK). The refractive index for Mel was 1.596. Water was used as a dispersant with a refractive index of 1.330. In all cases, the particle size distributions were characterized by d(0.1), d(0.5) and d(0.9) (where, for example, d(0.5) is the maximum particle diameter below which 50% of the sample volume exists). Span values were calculated according to Eq. 1. A high span value ([1) denotes a broad particle size distribution [12] .
Differential scanning calorimetry Differential scanning calorimetry (DSC) was performed with a Mettler-Toledo DSC 821e (Mettler-Toledo GmbH, Switzerland) instrument. DSC curves were evaluated with STARe Software. The starting and final temperatures were 25°C and 300°C with 10°C min -1 heating rate. Argon atmosphere of 100 mL min -1 was used in all cases as an inert gas. Eight physical mixtures equal to the treated samples were examined as a reference scale. The calculations of Mel crystallinity (Cryst%) were performed using the total area under the curve (AUC) of the melting enthalpy of the milled samples (AUCMelM) and the physical mixtures (AUCMelPM). The values were compared using Eq. 2:
Thermogravimetric analysis-water content determination
To monitor the water content of the sample after desiccation, TG measurements were performed. The water content determination was conducted based on the mass loss of the sample during heating in the interval of 25-120°C. 
Results and discussion
Particle size measurements
Using the optimized process parameters, based on the change in the amount of Mel, the particle size distribution is one of the critical parameters. In this respect, the comparison is based on the particle size of the optimized sample ''Mel_2.0 g'', which had 10% of MEL and 5% of PVA (Table 2 ). After milling, the different Mel amounts containing nanosuspensions showed same d(0.5) value, which means that the maximum particle diameter of 50% of the sample volume is less than 150 nm. By contrast, the d(0.9) values, in the case of smaller and higher amounts of Mel, were already outside the upper range of the desired value (500 nm). It can be assumed that the smaller amount of Mel (\ 10%) decreased the number of successful collisions of Mel and the milling media. The larger amount of Mel ([ 17.5%), however, increased the density of the sample and reduced milling efficiency. Span values, which contain the d(0.1) values, confirm the suitability of particle size distribution in the range of 10% (Mel_2.0 g) and 17.5% of Mel (Mel_3.5 g).
TG measurements
PVA is a hygroscopic agent; therefore, its residual water content was controlled. This is a semicrystalline polymer with a well-defined glass transition temperature at 45-50°C in the case of less than 1.5% water content. Higher water content of PVA can drastically decrease the glass transition temperature (up to 20°C), which can influence the thermal behavior of PVA-containing compositions [13] . Mel has a hydrophobic character; its water content is less than 0.01%. TG curves between 25 and 160°C showed fast and then slow mass loss, which is connected to the PVA amount. The samples with smaller Mel and higher PVA concentration showed more water content. It can be stated that the polymer amount has a significant role in the residual water content of the samples and, consequently, the glass transition temperature (Fig. 1 ).
DSC analysis
For the crystallinity characterization of Mel, first raw Mel and PVA were investigated (Fig. 2) . The DSC curve of raw Mel has a sharp characteristic melting peak at 268.66°C (onset 266.83, endset 273.27°C), and an instantly following exothermic peak can be observed at 279.09°C. PVA has two endothermic peaks at 169.51°C and 222.74°C. Since PVA is a mixture of crystalline and amorphous fractions, it is assumed that the first endothermic peak shows a structural change in part of the crystalline fraction and the second one presents the melting point of PVA. It should be noted that PVA has deacetylation in the temperature range 160-400°C and the total degradation corresponds to the degradation of vinyl acetate and vinylpyrrolidone at 396°C and 484°C, respectively [14] . The DSC curves of the samples exhibit that the increase in the Mel amount ([10.0%) results in a sharper endothermic peak, approaching the melting point of raw Mel. In accordance with this, the signs of PVA are weakened, which can be associated with its reduced amount (\ 5.0%). By decreasing the Mel amount (\ 10.0%), the endothermic peaks will be less sharp and the signs of PVA are strengthened. It is connected to the higher amount of PVA ([5.0%). The areas of the melting enthalpies already predict the change in the degree of crystallinity of Mel.
In order to determine the degree of crystallinity of Mel, taking into account the influence of PVA, the physical mixtures of the milled samples formed the basis. Figure 3 presents the degree of crystallinity measured by DSC as a function of the Mel amount in the sample. By increasing the Mel amount, the crystallinity of the milled products was increased. A close correlation (R 2 = 0.9587) was found between crystallinity and the Mel amount. It can be seen that increasing the amount of Mel ([ 10%) significantly increased the degree of crystallinity of the milled sample (from 21.21 to 48.86%). However, the small amount of Mel lowered this value (from 21.21 to 10.28).
XRPD measurements
To verify the DSC results, the crystallinity of the physical mixtures and the milled samples was investigated by XRPD analysis. Figure 4 presents the fingerprints of raw Mel and PVA and the milled samples. The characteristic peaks of Mel are at 2H value: 13.06°, 14.94°and 18.61°, and PVA has the typical diffraction peak at 2H value: 19.9° [15] . The intensity of the characteristic peaks shows a change in the crystallinity of the milled products. The quantitative analysis of the degree of crystallinity also resulted in a close correlation (R 2 = 0.9763) between the degree of crystallinity and the Mel amount ( Fig. 5 ).
Conclusions
In this work, the interval of the Mel amount which can be successfully nanonized (100-500 nm) was determined by the optimized wet milling process, where the planetary ball mill was combined with pearl milling technology. To discover the robustness of the optimized process, the influence of the amount of Mel was investigated on the particle size distribution and the degree of crystallinity.
The comparison was based on the 10% of Mel (w/w) and 5% of PVA (w/w) containing sample (Mel_2.0 g) milled by using the following process parameters: 1:1 ratio of pre-suspension and pearls, 437 rpm and 43 min. The milled sample resulted in the expected particle size range, and the degree of crystallinity of Mel was decreased to 20%.
Based on our current results, it can be stated that the increase in the Mel amount ([ 10%) helped milling efficiency without increasing the amount of milling media (pearls), and the smaller concentration of Mel (\10%) did not provide the desired particle size distribution. In the first case, the invested mechanical energy was transferred to reduce the particle size, while in the second case to break the crystal structure.
The presence of PVA also affected the degree of particle size reduction. It was found that the milling effectiveness of a lower concentration of PVA (\ 5.0%) provided sufficient protective effect against the aggregation of nanoparticles in the case of samples with 10.0-17.5% of Mel concentration. This protective effect was not satisfactory (aggregation was observed) for higher Mel content (20.0%) and lower PVA concentration (4.44%). A high concentration of PVA ([5%) also resulted in unsatisfactory milling effectiveness because a polymer layer was formed on the surface of the particles, protecting them from fragmentation. The degree of crystallinity was basically influenced by the Mel amount, but the PVA content also affected it. By increasing the Mel amount, the crystallinity of the milled product was increased measured by the DSC and XRPD techniques and a close correlation was found between crystallinity and the Mel amount by both of them.
It should be noted that recently the characterization of the investigated materials (e.g., crystallinity) using DSC as a semiquantitative conventional method has become common in scientific research [7] [8] [9] . It provides a possibility to predict the crystallinity of the examined materials, but to verify the accuracy of thermoanalytical measurements, the X-ray powder diffraction test is required [10, 11] . In our work, it was found that the degree of crystallinity of Mel investigated by DSC and XRPD did not show any significant difference at 95% significance level. It can be related to the low degree of crystallinity (\ 50%). It is known that the advantage of DSC over X-ray diffraction is that high amorphous content can be detected [16] .
In this system, for the required particle size range, the Mel amount should be changed between 10.0 and 17.5% (w/w) and a PVA amount should be used between 5.0 and 4.58% (w/w). For product stability, it is recommended to keep the PVA amount below 5.0% and at the same time the critical water content below 1.5%. In this specified range, the amount of Mel can be changed to design the degree of crystallinity of Mel between 20 and 45% in the final product as well.
To discover the robustness of the milling process, it should also be considered that the amount of grinding media can be reduced by increasing the amount of the active ingredient. It is an important viewpoint because of the reduction in product loss (removing pearls). The DSC method can be suggested for the quantification of the degree of crystallinity because it can be used safely with high amorphous content.
